Background: B-cell lymphomas are a diverse group of hematological neoplasms with differential etiology and clinical trajectories. Increased insights in the etiology and the discovery of prediagnostic markers have the potential to improve the clinical course of these neoplasms.
introduction Non-Hodgkin lymphomas (NHLs) are a heterogeneous collection of lymphoproliferative B-and T-cell malignancies [1] , among which B-cell lymphomas [follicular lymphoma (FM), diffuse large B-cell lymphoma (DLBCL), chronic lymphocytic leukemia (CLL), and multiple myeloma (MM)] are the most common [2] . Relatively little is known about NHL etiology [3] and limited prediagnostic markers are currently known. Global gene expression investigation of various chronic conditions, including cancers [4] [5] [6] [7] , has led to the discovery of molecular signatures predictive of future risk, survival, or response to treatment. To our knowledge to date, no genome-wide gene expression studies have been published using peripheral blood mononuclear cells (PBMCs) to assess the future risk of lymphoma and potentially identify transcriptomic profiles reflecting both the early stages of the disease as well as the influence of risk factors on lymphomagenesis [8] . Further-more, exploration of the transcriptomic profiles as a function of time to diagnosis (TtD) could potentially provide information on gene trajectories involved in disease development and result in predictive sets of disease ( progression) markers [9] .
Within the EnviroGenomarkers project (www.envirogeno markers.net), we conducted a global gene expression study using PBMCs from B-cell lymphoma cases collected 1-17 years before disease diagnosis, and healthy controls nested within two large European prospective cohorts.
materials and methods

envirogenomarkers data
The EnviroGenomarkers study was approved by the committees on research ethics at the relevant institutions. It includes participants from the Italian component of the European Prospective Investigation into Cancer and Nutrition [10] (EPIC-Italy, N = 47 749 volunteers aged 35-70) and the Northern Sweden Health and Disease Study (NSHDS, N = 95 000 healthy individuals aged 40-60) [11] . Anthropometric measurements, lifestyle factors, and a blood sample were collected at recruitment (EPIC-Italy 1993 -1998 NSHDS 1990 NSHDS -2006 . Incident B-cell lymphoma cases were identified through local Cancer Registries (loss to follow-up <2%) and occurred between 1 and 17 years after recruitment. Cases were classified into subtypes according to the SEER ICD-0-3 morphology [12] .
biosamples and genome-wide expression profiles
We recently demonstrated that high-quality RNA can be obtained from stored PBMC samples from the EPIC-Italy and NSHDS cohorts [13] . We also showed that samples not cold-stored within 2 h after blood collection had significantly different expression profiles than fresh samples, and therefore only PBMC samples that had been placed in cold storage within 2 h after blood collection were included in the current study. Gene expression profiles were acquired using the Agilent 4 × 44K human whole genome microarray platform.
We analyzed a total of 281 B-cell lymphoma cases and 281 controls matched on sex, age (±2.5 years), center, fasting status, and date of blood collection (±6 months) in two analytical phases. In addition to the lymphoma study, the EnviroGenoMarkers project also comprises 100 breast cancer (BC) case-control pairs (corresponding to 87 and 93 successfully analyzed cases and controls, respectively), which were added in our B-cell lymphoma analyses as unmatched controls in order to maximize statistical power. The final numbers of successfully analyzed samples were 263 B-cell lymphoma cases and 439 controls (supplementary Table S1 , available at Annals of Oncology online). Technical performance and quality of the microarrays was assessed according to a protocol described previously [13] .
statistical analysis
As proposed before [14] , we developed a linear-mixed model controlling for potential technically induced noise (nuisance variation) and investigated the relationship between the expression level of each probe and the disease outcome (see supplementary Section S1, available at Annals of Oncology online). The general formulation of our mixed model for a given probe defines its expression level observed in participant i (Y i ) as follows:
where α is the intercept of the model, ε i is the residual error, and X i is the outcome of interest, a binary variable indicating if individual i is a B-cell lymphoma case or not. The resulting regression estimate β 1 can be expressed as the fold-change (f ) by f = 2 β . FE i is a vector of fixed effect observations for individual i and corresponding regression coefficients are compiled in the vector β 2 . Fixed effect covariates included the matching criteria (age, gender and country), the experimental phase (1 or 2), a set of a priori potential confounders as observed in previous analyses of lymphoma within the EPIC cohort [15, 16] : body mass index (BMI, continuous), education (5 classes), physical activity (4 classes), smoking at enrollment (3 classes), and alcohol consumption at enrollment (continuous), and a binary variable indicating if the participant was a BC case or not. Nuisance variation was modeled through a random intercept model where u A i represents the shift associated to A i , the value of the random effect variable(s) A observed for individual i. The dates of the three main steps of sample processing were used as random effect variables: RNA isolation, hybridization, and dye labeling. Model was fitted, using the R-statistical package lme4, on all 29 662 probes separately, and we accounted for multiple testing using a stringent Bonferroni correction, setting the familywise error rate (FWER) to 5%. Analyses were (i) carried out on the full population and (ii) stratified by major histological subtypes, and a series of sensitivity analyses were performed. Transcripts identified by the genome-wide screen were further investigated through gene-enrichment analyses (see supplementary Section S2, available at Annals of Oncology online), and gene trajectories linking expression level and TtD were investigated using both linear and generalized additive models. Table S2 , available at Annals of Oncology online, the characteristics of the study population with respect to the main demographic covariates are summarized. Among the study participants, cases (number of successfully analyzed samples) included CLL (n = 39), DLBCL (n = 41), FL (n = 38), MM (n = 72), other B-cell lymphomas (n = 69), and four unspecified B-cell lymphoma. The distribution of B-cell lymphoma cases by histological subtype, cohort, and TtD is summarized in supplementary Table S3 , available at Annals of Oncology online.
results
In supplementary
genome-wide transcriptomic profiles
The linear-mixed model fitted to all B-cell lymphoma cases and controls revealed nine significant associations at a Bonferroni 5% FWER level (Table 1) . Analyses by B-cell lymphoma subtype showed that eight of the nine probes show highly significant P-values exclusively in the CLL-specific analysis, while the remaining probe seems to be mainly driven by MM. Consistently, when CLL cases are excluded from the population, the P-values for these nine probes dramatically increase (supplementary Table S4 , available at Annals of Oncology online) while, as expected, the MM-driven candidate remains (but more weakly) associated to disease status. Our data do not support the presence of a common signal associated with all B-cell lymphoma subtypes.
Subtype-specific analyses showed numerous associations for CLL (N = 745 at Bonferroni FWER 5%) and the 60 strongest signals are reported in Table 2 , a. Other subtypes did not provide any realistic candidate signals, with the exception of MM for which we found a few (N = 3) weaker candidates with moderate effect sizes (Table 2, b). Subsequent analyses were therefore limited to CLL.
CLL-specific transcriptomic signals
High levels of correlation and strong clustering were observed among the 745 CLL-specific probes (supplementary Figure S3A , available at Annals of Oncology online). Consistently, the scree plot from the principal component analysis shows that only 25 components are necessary to explain 80% of the variance within the data (supplementary Figure S3B , available at Annals of Oncology online). While the two first principal components only explained <45% of the variance, they are able to clearly discriminate more than 65% of the CLL cases from controls (supplementary Figure S3C , available at Annals of Oncology online).
As illustrated in supplementary Figure ) emerges in chromosome 17 with large effect size (fold-change >13.9) ( Figure 1C) .
The predictive ability of the CLL-specific signals was assessed by running a stepwise logistic regression procedure described in supplementary Section S2, available at Annals of Oncology online. Results (Figure 2) show excellent predictive performances of the model, even when a single probe is used to predict disease status (the maximum AUC found for a univariate model was based on probe A_23_P500400-gene ABCA6-and was over 90%). As expected, predictive ability improves with the number of probes included in the model and ranges between 89% and 96% for models including 20 probes. Potential for overfitting was assessed and ruled out from a cross-validation procedure (supplementary Section S2, available at Annals of Oncology online).
Additional robustness analyses showed that the inclusion over BC cases and controls yielded increased power without introducing a bias, and showed that the strongest findings were detected in both cohorts (supplementary Section S3, available at Annals of Oncology online).
biological interpretation of the findings: gene-enrichment analysis
Based on the consistency of the findings across cohorts, insights into the underlying biological process were sought by running gene-enrichment analyses on the 745 CLL-specific markers from the full population (supplementary Section S4, available at Annals of Oncology online). The results are summarized in Table 3 and show over 30 significantly enriched pathways and gene ontology terms. The identified pathways all relate to proliferation, differentiation, activation, and regulation of B cells, the (a) lists the 60 strongest associations found for the CLL-specific analysis and (b) the three significant associations found for MM-specific analyses. 
relationship between CLL-specific transcriptomic markers and time to diagnosis
The results presented above suggest the existence of gene expression signals strongly related to future risk of CLL and present in blood several years before diagnosis. In order to evaluate prediagnostic/preclinical nature of these signals, we ran our CLL-specific analyses on cases enrolled less or more than 6 years before disease onset. Supplementary Figure S7 , available at Annals of Oncology online clearly shows a large overlap between candidates significant in both TtD strata and in the pooled analysis (n = 245). Additional stratification of TtD shows that based only on the six CLL cases diagnosed more than 10 years after enrollment, 47 of the 50 strongest and 68 of the 100 strongest associations found in the full population are still observed. We also investigated the temporal evolution of expression of the main signals observed among CLL cases only. For the 10 strongest transcriptomic signals, we observed a consistent upregulation while approaching diagnosis (supplementary Figure S8 , available at Annals of Oncology online). Furthermore, we observed stronger effect sizes (absolute values of the slope with TtD) for the strongest signals with both TtD (supplementary Figure S9A, Figure 1 . Physical repartition of the genes whose expression is measured by the 745 CLL-specific candidates. The per-chromosome proportion of significant probes (Figure 2A) is calculated from the 739 probes whose chromosome is annotated over the total number of probes assayed per chromosome. Figure 2B summarizes the expression levels in cases and controls for the probes relating to each of the 24 chromosomes (total 739 in which the chromosome is annotated). Figure 2C displays for each probe (labeled and colored accordingly to the chromosome they belong to) the P-value measuring the association with the disease status as a function of their effect size estimate (fold-change). Figure S9B , available at Annals of Oncology online). This suggests an overall tendency for an increase in intensity of CLL-specific signals closer to diagnosis.
discussion
As expected from the biological heterogeneity of B-cell lymphomas [17] , our results do not support the existence of genes whose change in expression is common to the pathogenesis of all or multiple histological subtypes of NHL. Instead, and despite the limited number of CLL cases available, our analyses led to the identification of several strong signals associated with prospective CLL risk (more than 10 years before diagnosis). These include ABCA6, ARHGAP44, Wnt3, TCF4, ZBTB32, CDK14, KCNN4, and TCF4, which showed (except for Wnt3), consistency across both cohorts studied. While variation in the proportion of different subtypes of normal leukocytes may have contributed to these transcriptomic signals, it is unlikely to have been differential by disease status, and by histological subtypes. The substantial overexpression (up to 25 fold) in cases and the trend toward increased expression while approaching diagnosis suggest that the CLL-related signals reflect, at least partly, markers of disease progression arising from subpopulations of cells in which disease initiation has occurred long before diagnosis. This is further supported by the fact that some of the strongest associations we found (e.g. ARHGAP44, ABCA6, and WNT3) are strongly upregulated in CLL malignant cells [18, 19] . Most cases of CLL are believed to be preceded by monoclonal B-cell lymphocytosis, a hematological condition commonly found in normal subjects, increases with age and which evolves to CLL at a low rate (1%-2% per year) [20, 21] , raising the possibility that the CLL-related profile we have observed may arise, at least to some extent, in CLL-like MBL cells. Some support for this possibility comes from the inclusion in the latter profile of a number of genes related to Wnt signaling (e.g. Wnt3, Wnt10A, ARHGAP44, TCF4, CDK14, and ZBTB32) which has been recently reported to be activated in MBL [22] . Furthermore, of 20 genes reported as being differentially expressed in CLL-like MBL [22] , 4 (PRKCB, PAG1, TCL1A, ROR1) fall among the CLL-related genes identified in the current study. On the other hand, the MAPKinase and protein kinase A pathways, reported to be activated in MBL cells, were not among those indicated by our CLL-related profile. As such, the identified profile seems to be only in part drive by MBL. This is strengthened by the observation that the identified CLL-transcriptomic profile predicts more than 80% of the cases, whereas only ∼5%-10% of subjects of the MBL phenotype would be expected to progress to CLL over the 6-year average follow-up period of our study. Taken together, these observations are compatible with the possibility that the CLL-related differential expression profile detected is due to clones of malignant or premalignant cells, including MBL cells, present at low concentrations in our blood samples several years before clinical onset, and which evolve toward CLL via specific transcriptomic signals. This may not be surprising as, for most patients, CLL is indolent and progresses slowly, and it may take years for clinical symptoms to arise. The most common chromosomal abnormalities in CLL, using conventional and molecular cytogenetics, are trisomy 12, del(13)(q14), del(11)(q22-23), del(17)( p13), and del(6)(q21) [23] . We did not find any strong evidence of chromosome specificity for our signals, except possibly for chromosomes 17, 18, and 19. Due to the heterogeneity of NHL pathologies, and despite its reasonable size, our study was not sufficiently large to enable the in-depth investigation of signals associated with histological types other than CLL. The strongest associations we have identified were almost exclusively associated with CLL, but we cannot exclude the possibility that, with greater statistical power, transcripts specific for other subtypes would be identified.
In conclusion, from our agnostic search, several transcriptomics signals have been found to be associated with CLL risk in preclinical blood samples taken many years before actual diagnosis. The identified transcripts point toward an important contribution of B-cell signaling, and B-cell activation and proliferation in the etiology of CLL.
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